Introduction
A recent genetic meta-analysis of late onset Alzheimer's Disease (AD, LOAD) to study the effects of common variants implicated Aβ, tau, immunity and lipid processing and reported a total of 25 genome-wise significant loci, including variants at or near TREM2, ABCA7 and SORL1 (Kunkle et al., 2019) . Analyses of risk genes and pathways showed enrichment for rare variants which remained to be identified. The Alzheimer's Disease Sequencing Project (ADSP) has the aim of identifying rare genetic variants which increase or decrease the risk of Late Onset Alzheimer's Disease (LOAD) and a full description of its membership, support and methodologies is provided on its website (https://www.niagads.org/adsp/content/about) (Beecham et al., 2017) . A number of analyses utilising this dataset have been published to date. One study incorporating this dataset with others identified 19 loss of function variants of SORL1 in cases as opposed to 1 in controls and a collapsing test of loss of function ultra-rare variants highlighted other genes including GRID2IP, WDR76 and GRN (Raghavan et al., 2018) . A subsequent study used variant-based and gene-based tests of association and followed up significant or suggestive results in other samples to implicate three novel genes, IGHG3, AC099552.4 and ZNF655 as well as novel and predicted functional genetic variants in genes previously associated with Alzheimer's disease (AD) . In the ADSP samples alone, five genes were exome-wide significant: ABCA7, TREM2, CBLC, OPRL1 and GAS2L2. Additionally, three individual variants were exome-wide significant: rs75932628 in TREM2 (p = 4.8 × 10 −12 ), rs2405442 in PILRA (p = 1.7 × 10 −7 ), and a novel variant at 7:154,988,675 AC099552.4 (p = 1.2 × 10 −7 ). Another study focussed on a panel of 35 known dementia genes using variants thought likely to be consequential based on ClinVar, literature review and predicted effect (Blue et al., 2018) . Using gene-based analyses in the ADSP case-control sample, TREM2 was significant at p = 1.8 × 10 -11 and APOE was significant at p = 0.0069 while ARSA, CSF1R, PSEN1 and MAPT were less strongly implicated although were still significant at p < 0.05. In another study, 95 dementia associated genes were examined and it was reported that overall there was an excess of deleterious rare coding variants . Additionally, 10 cases and no controls carried rs149307620, a missense variant in NOTCH3, and 4 cases and no controls carried rs104894002, a high-impact variant in TREM2 which in homozygous form causes Nasu-Hakola disease, which is a rare presenile dementia associated with recurrent bone fractures.
A limitation of these previous studies is that they focus on specific genes and/or types of variant. We have previously described a method for a carrying out a weighted burden analysis of all variants within a gene, assigning more weights to variants which are rare and to variants predicted to have a functional effect (Curtis, 2012; Curtis and UK10K Consortium, 2016) . This method was applied to the ADSP sample in the hope that it would more completely capture the effect of variants influencing susceptibility to LOAD.
Methods
Phenotype information and variant calls based on whole exome sequencing using the GRCh37 assembly for the Alzheimer's Disease Sequencing Project (ADSP) Distribution were downloaded from dbGaP (phs000572.v7.p4.c1-c6). As described previously, participants were at least 60 years old and were mostly of European-American ancestry though with a small number of Caribbean Hispanic ancestry and all cases met NINCDS-ADRDA criteria for possible, probable or definite AD based on clinical assessment, or had presence of AD (moderate or high likelihood) upon neuropathology examination (Beecham et al., 2017) . The cases were chosen whose AD risk score suggested that their disease was not well explained by age, sex or APOE status. Whole exome sequencing was carried out using standard methods as described previously and on the ADSP website: https://www.niagads.org/adsp/content/sequencing-pipelines. The downloaded VCF files for autosomal single nucleotide variants and indels were merged into a single file and the PrevAD field was used to define phenotype, yielding 4,600 cases and 6,199 controls.
To obtain population principal components, version 1.90beta of plink (https://www.coggenomics.org/plink2) was run on the genotypes with the options --maf 0.1 --pca header tabs --makerel (Chang et al., 2015; Purcell et al., 2007 Purcell et al., , 2009 .
Each variant was annotated using VEP, PolyPhen and SIFT (Adzhubei et al., 2013; Kumar et al., 2009; McLaren et al., 2016) . The same analytic process has previously been applied to an exome sequenced sample of schizophrenia cases and controls (Curtis et al., 2018) . The method uses a weighted burden analysis to test whether, in a particular gene or set of genes, variants which are rarer and/or predicted to have more severe functional effects occur more commonly in cases than controls. Variants were weighted according to their functional annotation using the default weights provided with the GENEVARASSOC program, which was used to generate input files for weighted burden analysis by SCOREASSOC (Curtis, 2016 (Curtis, , 2012 . For example, a weight of 5 was assigned for a synonymous variant, 10 for a non-synonymous variant and 20 for a stop gained variant. Additionally 10 was added to the weight if the PolyPhen annotation was possibly or probably damaging and also if the SIFT annotation was deleterious. The full set of weights is shown in Supplementary Table 1 , copied from the previous report (Curtis et al., 2018) . Since we reasoned that the effects of any common variants would have been well characterised by previous studies we excluded variants with MAF>0.01 in either cases or controls. SCOREASSOC weights rare variants more strongly than common ones but restricting attention to rare variants meant that this frequency-based weighting had little effect in practice. Variants were also excluded if they did not have a PASS in the information field or if there were more than 10% of genotypes missing or of low quality in either cases or controls or if the heterozygote count was smaller than both homozygote counts in both cohorts. For each subject a gene-wise weighted burden score is derived as the sum of the variantwise weights, each multiplied by the number of alleles of the variant which the given subject possesses. If a subject is not genotyped for a variant then they are assigned the subject-wise average score for that variant.
As described previously, ridge regression analysis with lamda=1 was used to test whether the genewise score was associated with caseness (Curtis et al., 2018) . To do this, SCOREASSOC first calculates the likelihood for the phenotypes as predicted by the first 20 principal components and then calculates the likelihood using a model which additionally incorporates the gene-wise scores. It then carries out a likelihood ratio test assuming that twice the natural log of the likelihood ratio follows a chi-squared distribution with one degree of freedom to produce a p value. Results are expressed as signed log p (SLP) which is the logarithm base 10 of this p value and is positive if the scores are higher in cases and negative if they are higher in controls.
In an attempt to better understand the likely impact of variants on protein structure and function we used visualisation software as described previously (Tsavou and Curtis, 2019) . For genes of interest, we considered non-synonymous variants with a weight of at least 50 and visualised the distribution of the altered amino acid residues across functional domains of the protein using the ProteinPaint web application provided at https://pecan.stjude.cloud/home (Zhou et al., 2016) . In order to visualise the distribution of altered amino acid residues in the 3D structure of the protein we obtained structures from the RCSB Protein Data Bank at www.rcsb.org (Berman et al., 2000) and colour-coded altered residues using the JSmol viewer provided there and PyMOL 2.4 ("The PyMOL Molecular Graphics System, Version 2.4," n.d.).
As in the schizophrenia study, pathway analysis was performed using PATHWAYASSOC, which applies the same weighted burden analysis to all the variants seen within a set of genes rather than a single gene, which is easily done by simply summing the gene-wise scores for each subject for all the genes in the set (Curtis, 2016) . The same likelihood ratio test, incorporating the first 20 principal components as covariates, was used to test whether the total scores for a set of genes were higher in cases or controls. This was carried out for the 1454 "all GO gene sets, gene symbols" pathways as listed in the file c5.all.v5.0.symbols.gmt downloaded from the Molecular Signatures Database at http://www.broadinstitute.org/gsea/msigdb/collections.jsp (Subramanian et al., 2005) .
Results
The weighted burden tests evaluated 1,217,860 variants in 15,777 autosomal genes. Figure 1 shows the QQ plot of the observed SLPs against the distribution expected under the null hypothesis. It can be seen that for almost all genes the results conform well to the SLP=eSLP line. There is one marked outlier, consisting of TREM2 with an SLP of 14.07, and a few other genes with more extremely positive and negative SLPs than would be expected under the null hypothesis. Ignoring the 200 genes with the highest SLP, the gradient for the genes with positive SLPs was 1.04, with an intercept of -0.016, indicating a small degree of inflation of the test statistic. Ignoring the 200 genes with the lowest SLP, the gradient for the genes with negative SLPs was 1.15, with an intercept of -0.014, indicating a moderate degree of inflation of the test statistic. Table 1 shows results for all genes with an absolute value for the SLP of 3 (equivalent to p=0.001) or greater. 31 genes meet this criterion, while one would expect 16 by chance. Thus, some of those listed may represent those in which variants can affect susceptibility to LOAD.
Of genes with SLPs above 3, a number have previously been implicated by sequencing studies, consisting of TREM2, ABCA7, SORL1 and PSEN1 (Blue et al., 2018; Guerreiro et al., 2013; Kim, 2018; Patel et al., 2019; Raghavan et al., 2018) . PIK3R1 codes for a key component of the PI3K/Akt/GSK-3β signalling pathway and in neuronally differentiated PC12 cells activation of this pathway is neuroprotective against Aβ25-35-induced apoptosis and tau hyperphosphorylation (Cheng et al., 2018) . Conversely, in a mouse model of AD Aβ oligomers block activation of this pathway, leading to decreased neuronal survival (Jimenez et al., 2011) . TMP21 dysregulation is implicated in AD pathogenesis and in TMP21 knock-down mice PiK3r1 was significantly down-regulated and was one of the top eight dysregulated genes in both the hippocampus and cortex gene signal networks, in which it was a hub gene . WNT7A is expressed in hippocampal neurons and in mouse models Wnt signalling dysfunction leads to production and aggregation of Aβ, tau phosphorylation and hippocampus-dependent cognitive impairment (Tapia-Rojas and Inestrosa, 2018) . It has been reported that the R subcomponent of complement component 1, the product of C1R, is enriched in amyloid plaques from patients with Alzheimer's disease compared to amyloid plaques from subjects without (Xiong et al., 2019) . Heterozygous missense variants in C1R are a known cause of periodontal Ehlers-Danlos syndrome (pEDS) (Kapferer-Seebacher et al., 2016) and this is potentially of interest for two reasons. One is that a recent MRI study of seven adults with pEDS and C1R mutations reported that they all had leukoencephalopathy, which appeared to be progressive with age and which was suggestive of underlying small vessel disease (Kapferer-Seebacher et al., 2019) . The second is that pEDS is characterised by periodontitis and it has been proposed that periodontal disease is a risk factor for LOAD, perhaps mediated either by direct infection of brain with the key periodontal pathogen Porphyromonas gingivalis or through secondary effects of chronic inflammation, perhaps involving activation of the complement cascade (Singhrao et al., 2015) . Although there is no direct evidence to implicate EXOC5 in LOAD, in a mouse model cell-specific deletion of Exoc5 results in progressive hearing loss associated with loss of hair cells and spiral ganglion neurons .
With regard to the genes with SLP less than -3 shown in Table 1 , the fact that TIAF1 produces an SLP of -3.06 is of some interest because of a report that its product can self-aggregate and that polymerised TIAF1 physically interacts with amyloid fibrils, putatively promoting plaque formation (Lee et al., 2010) . NDRG2 expression is increased at the protein and mRNA level in brains of subjects with AD and the protein is detectable in both dystrophic neurons and amyloid plaques (Mitchelmore et al., 2004) . NDRG2 is up-regulated in mouse models of senescence and AD and in cellular models knock-down of NDRG2 reduces BACE1 and Aβ1-42 levels while NDRG2 overexpression increases them (Rong et al., 2017) . SOX14 codes for a transcription factor which is required for normal neuronal development in the cerebellum but there seems to be little evidence for its involvement in LOAD (Prekop et al., 2018) .
The results for other genes previously implicated in AD susceptibility were examined. There was no difference in the weighted burden scores between cases and controls for APP (SLP=0.11) and there were no valid variants for PSEN2 or APOE.
In general large numbers of variants which were very rare contributed to the observed SLPs in the genes listed above and as each variant might occur in only one or two subjects one could not make any firm inference about their individual effect on risk. The product of transcript NM_00002.1 of PSEN1 consists of 468 amino acids but 28 out of 33 of the highly weighted variants (weight>=50) in cases affected residues between positions 35 and 270 while this applied to only 14 out of 17 highly weighted variants seen in controls. That is, the highly weighted variants in general tended to affect this region but there were more of them among cases than controls. Visualisation suggested that these amino acids possibly tended to occur in the regions involved in APP recognition as observed from the cryo-EM structure of the cross-linked human γ-secretase-APP-C83 complex (Zhou et al., 2019) . The mature product of the NM_001733 transcript of C1R consists of 628 amino acids and in a series of pedigrees with pEDS 14 out of 15 segregated a variant affecting a residue at a position between 272 and 417 (Kapferer-Seebacher et al., 2016) . Only 19 out of 58 highly weighted variants in cases affected amino acids in this region compared with 14 out of 41 in controls and none of these amino acids corresponded with any of the ones affected in the pEDS pedigrees. Thus, there was little suggestion that the region of the protein implicated in pEDS was disproportionately affected in the LOAD cases. In fact, affected residues in cases tended to cluster in the region between positions 430 and 537, which accounted for 17 out of 58 in cases and only 2 out of 48 in controls. However the small number of counts for the individual variants precludes drawing any firm conclusions and in other genes, visualisation of the distribution of altered amino acids did not reveal any obvious patterns. Table 2 shows the genotype counts for variants in all the above-named genes for those variants with a minor allele count of at least 10 and an odds ratio over 2, or, for the genes with SLP<-3, less than 0.5. The variants in TREM2 have been reported in a previous analysis of this dataset (Song et al., 2017) . Likewise, deleterious mutations in ABCA7 are known to be risk factors for both early and late onset Alzheimer's disease (De Roeck et al., 2017) . The variants in SORL1 at 11:121348842 (rs140888526), 11:121421313 (rs148430425) and 11:121421361 (rs146438170) have not previously been implicated in LOAD susceptibility and although the gene-based SLP of 4.42 suggests that overall there is an excess of functionally significant variants among cases the numbers are too small to draw any definitive conclusions about any of these variants individually. The three qualifying variants listed for C1R are not predicted to impact on protein function. The variant in EXOC5 at 14:57714397 (rs199912312) is predicted to be deleterious and probably damaging and is seen in 14 cases and only 3 controls but has not been reported to be associated with any phenotype.
The variant in TIAF1 at 17:27401061 (rs73986791) is not predicted to affect protein function and has not previously been reported.
In the gene set analysis using PATHWAYASSOC the highest SLP achieved was 3.11 for the PROTEIN_MATURATION set, which given that 1454 sets were tested is within chance expectation. Examination of the output suggested that this was driven largely by the inclusion of PSEN1 in this set and no other gene in it had an individual SLP higher than 1.3 (p=0.05). Table 3 lists the gene sets with SLP of -3 or less. The most negative is PROTEIN_TYROSINE_PHOSPHATASE_ACTIVITY with SLP=-5.27. This result is of interest because it indicates that controls are more likely to carry functionally significant variants than cases, suggesting that impairment of this activity might be protective against LOAD. Tyrosine phosphatases counter the activities of tyrosine kinases and for example the loss of PTPRS, which has an SLP of -2.41, has been shown to cause activation of the EGFR/PI3K pathway (Morris et al., 2011) . There is an extensive literature on the role of tyrosine phosphatase in Alzheimer pathology and genetic reduction of striatal-enriched tyrosine phosphatase has been shown to reverse cognitive and cellular deficits in mouse models of AD (Hendriks et al., 2013; Zhang et al., 2010) . A recent study has shown that bergenin, a tyrosine phosphatase inhibitor, has neuroprotective effects in a rat model of AD (Barai et al., 2019) . There are 47 genes within this set and Table 4 lists those which individually have SLP of -1.3 (equivalent to p=0.05) or less. It can be seen that the genes for protein tyrosine phosphatase, receptor types R, S, T and U all have SLPs of approximately -2. PTPN1 has SLP of -1.31 (p=0.05) and treatment with a non-specific inhibitor of its product, PTP1B, using sodium orthovanadate has recently been reported to reduce cognitive symptoms in a mouse model of vascular dementia (Kumar et al., 2019) . Another study in animal models showing that activation of the PI3K/Akt pathway combined with inhibition of PTP1B suppresses Aβ-induced GSK-3β activation and tau phosphorylation (Kanno et al., 2016) .
Most of the other gene sets which produced strongly negative SLPs did so because they also contained tyrosine phosphatase genes. For those which did not, inspection of the outputs did not reveal any genes which seemed likely to be related to AD susceptibility.
There have been reports that genetic reduction or inhibition of a different tyrosine phosphatase, striatum-enriched protein-tyrosine phosphatase (STEP), reverses cognitive and cellular deficits in a mouse model of Alzheimer's disease (Xu et al., 2014; Zhang et al., 2010) . STEP is coded for by PTPN5 and there was no significant evidence for an increased variant burden in this gene in controls (SLP=-0.69, NS).
Discussion
TREM2, ABCA7 and SORL1, the three genes with the highest SLPs, are well-established susceptibility genes for LOAD, which inspires some confidence in the validity of the approach. Although a previous analysis of this dataset did find some support for the involvement of PSEN1, only specific variants were included and the results were significant only at p<0.05. The current analysis includes all rare variants and yields an SLP of 3.74, equivalent to p=0.0002. This provides stronger evidence and also suggests that a wider range of PSEN1 variants may have an effect on LOAD risk. The results for PIK3R1, WNT7A and C1R, considered alongside the relevant literature, suggest that variants affecting functioning of these genes may increase LOAD susceptibility and for each of these genes there are previous reports that could be interpreted as lending further support to this hypothesis but it is not possible at present to make definitive claims. It is unclear whether the results for EXOC5 reflect any influence on LOAD susceptibility or whether they have occurred simply by chance. Aside from the risk variants previously reported for TREM2 and ABCA7, the current study is unable to implicate specific variants rather than genes.
Also of interest are the results for genes in which the SLP is strongly negative, implying that variants may protect against the development of LOAD. Perhaps the most plausible result is for TIAF1 because of the claim that TIAF1 self-aggregates and leads to apoptosis, Aβ formation and plaque formation (Lee et al., 2010) . If this is so then variants which interfered with this process would be expected to reduce LOAD risk. Likewise, there is some prior evidence that NDRG2 could be involved in aspects of LOAD pathogenesis and the results we obtain suggest that variants in it might be protective but additional studies would be needed to settle this question.
Probably the most striking result is the evidence for a protective effect from variants in the set of genes encoding tyrosine phosphatases, which produces an SLP of -5.27 (equivalent to p = 5 x 10 -6 ). Given the established role of tyrosine phosphatase processes in the development of AD this result is eminently plausible but has not been described previously. Conversely, the results for PIK3R1, which has a reciprocal effect, suggest that variants in this gene can increase risk of LOAD. Taken together, these findings suggest that increased activity of the PI3K/Akt signalling pathway is protective against LOAD whereas reduced activity increases risk, in accordance with the study of PI3K/Akt activation and PTP1B inhibition referred to previously (Kanno et al., 2016) .
Analysing all variants together in a single joint analysis makes good use of the available data while avoiding problems due to multiple testing issues. The results obtained serve to highlight genes rather than individual variants, which tend to be too rare for individual inferences to be made. The results reported here serve to reinforce some known aspects of LOAD biology and to suggest additional leads which might profitably be pursued.
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List of genes with absolute value for SLP of 3 (equivalent to p = 0.001) or more. Table 2 List of variants in genes of interest with total minor allele count of at least 10 and odds ratio greater than 2 or, for genes with negative SLP, less than 0.5. Table 3 List of gene sets achieving SLP of -3 (equivalent to p = 0.001) or less. QQ plot of observed versus expected gene-wise SLP.
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Supplementary table S1
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